This paper presents a controller design of a robotic manipulator for soft catching of a falling object. If a robotic system is able to catch a falling object softly, there will be many applications expected in human activities such as industry, welfare, nursing, housework and office work, because this ability allows a human operator or another robot system to move an object to the catching robot without any transportation systems such as an conveyor or a mobile structure. First, this paper considers a nonlinear decoupling control of a robotic manipulator. Next, a controller design is presented for catching a falling object with a small impact force. This controller consists of two parts: a position tracking controller that tracks a desired trajectory before contact between the object and the robot end-effector, and a force controller that is triggered after the contact. We employ a position-based impedance controller so that the entire control system can be constructed as a position-based controller. In order to achieve the soft catching, precise motion control is required to achieve the same velocity of the robot end-effector with a falling object when they are in contact. Hence, we employ an adaptive controller that consists of a feedback controller to compensate for disturbance such as friction and a feed forward controller to improve the tracking performance to the desired trajectory by adjusting controller parameters in real time. Experimental results with a falling raw egg demonstrate the effectiveness of the proposed approach.
Introduction
Robotic systems are expected to contribute to human society more than ever such as in the area of housework, nursing and welfare as well as industry. For this purpose, new technologies and functions have been developed for last three decades; for example, extending human mechanical power (Kazerooni, 2005) , providing precise and smooth operation for human workers in difficult tasks (Bettini et al., 2001 ) (Peshkin et al., 2001) , and executing tasks in remote or hazardous environment (Anderson and Spong, 1989) (Lawrence, 1993) .
One of the important functions is to catch a falling object softly, which is generally not a difficult task for a human being to perform but is not yet realized in commercial robotic systems. If a robotic system is able to catch a falling object softly, there will be many applications expected in human activities in industry, housework and office work, because this ability allows a human operator or another robot system to move an object to the catching robot without any transportation systems such as an conveyor or a mobile structure.
Several studies have investigated the catching of moving and falling objects by robots. Hove and Slotine proposed a real-time coordination of visual information with a high-speed manipulator control for three-dimensional robotic catching (Hove and Slotine, 1999) . Buehler et al. presented algorithms for juggling pucks and catching falling objects with a onedegree-of-freedom (DOF) revolute actuator (Buehler et al., 1994) . Buttazzo et al. developed a robot system that is capable of tracking and catching an object moving on a plane (Buttazzo et al., 1994) . Nishiwaki et al. realized the ball-catching behavior by a humanoid robot (Nishiwaki et al., 1997) . These works have been subsequently followed by recent studies (Riley and Atkeson, 2002) (Bäuml et al., 2010) (Birbach et al., 2011) . However, this motion has not yet been realized in commercial robot systems. This paper focuses on the soft catching of a falling object. In the experiment, a raw egg is considered as a falling object because it requires soft catching to ensure that it does not break. Unlike existing approaches, we employ a force control of the robot end-effector after it makes contact with the falling object.
We consider the catching robot as a general 3-DOF manipulator that moves in a vertical plane. The manipulator has a force sensor at the end-effector to sense the impact force of the falling object.
We conclude that a human's catching motion consists of two motions. First, motion refers to the movement of the hands with the same speed of a falling object in order to reduce the impact force when catching, and the second motion refers to the force control motion that stops the falling object without increasing the contact force after catching. We employ impedance control to control for the force (Hogan, 1985) . Because switching the control methods before and after catching deteriorates the control performance, we employ position-based impedance control for the force control that allows us to implement a position-tracking controller as the force controller (Heinrichs et al., 1997) .
First, we consider a nonlinear decoupling control of a robotic manipulator and then present a controller design for catching a falling object with a small impact force. Robot trajectories are appropriately generated to reduce the impact force and to prevent the increase of the contact force after catching. To achieve good tracking performance for the generated trajectories, we employ a discrete-time adaptive 2-DOF controller (Uchiyama, 2008) , which generates an internal model of the desired trajectory and considers disturbance such as friction in real time to achieve the same speed between the end-effector and falling object precisely for soft catching. The effectiveness of the proposed approach is demonstrated by experiment in which the robot manipulator successfully caught the falling egg without breaking it.
Robotic manipulator and nonlinear decoupling control
We consider a robotic manipulator for catching a falling object as shown in Fig. 1 (Experimental parameters in Fig.  1 are given later in Table 1 ). The manipulator has three joints and can move its end-effector vertically with arbitrary orientations. The manipulator dynamics is given as follows:
where h ∈ R 3 is a joint angle vector, τ ∈ R 3 is an input torque vector,
is a nonlinear force vector, and G(h) is a gravitational force vector. We consider the following well-known nonlinear decoupling controller:
where u ∈ R 3 is a new input vector, which is determined later in this paper. Equations (1) and (2) results in the following decoupled linear double integrator dynamics:
Hereafter, we consider the above dynamics as a controlled object to design a controller that catches a falling object.
Catching strategy of a falling object
To design a catching controller, we conduct the following experiment with a human subject. ( 1 ) The human subject is required to catch a free falling object.
( 2 ) The human subject sits on a chair and only his/her hand and arm can be moved to catch the falling object. ( 3 ) The falling object is a tennis ball ( 4 ) The human subject is informed of the time of the falling object's release. After taking a video of the catching motion of several human subjects, we conclude that the motion consists of the following two steps:
• Preliminary motion for reducing the impact force of catching: To reduce the impact force of catching, the magnitude of the velocity difference between the falling object and the human hand should be minimized. The subjects predict the motion of the falling object based on visual information and generate desired trajectories for their hands such that the magnitude of the velocity difference is minimized. Their arms are moved to track the desired trajectory. This process is regarded as the position control of their arms.
• A smooth stop motion of the object and hand: After the object and hand make contact, the subjects try to smoothly stop their hands and the object so that the inertia force is minimized. This process can be regarded as the force control of their arms. We use impedance control to represent this force control. Figure 2 shows the ideal trajectory of the end-effector considered from the above analysis, in which the falling object and the end-effector start to be in contact with the same speed and then move together until stopping smoothly. 
Controller design

Control system structure
We propose a controller design that consists of the following two parts from the analysis in the previous section: position control before contact is made between the object and the robot end-effector, and force control after contact. We apply the position-based impedance control to the subsequent force control because the entire control system is designed as a position-based control system and the control system property does not change before or after contact is made between the object and the end-effector. Instead, only the desired position trajectory is changed. In addition, it is possible to apply a general industrial position-based controller to the problem considered in this paper. Figure 3 shows the entire block diagram of the control system proposed in this study. 
Adaptive position controller
The position tracking performance of the manipulator is crucial to ensure that the falling object is caught because even a small tracking error generates a large impact force. In particular, the feed-forward control is strictly required because the feedback control intrinsically causes some tracking delay. In order to design a well-tuned feed-forward controller, the reference signal property as well as the exact feedback control system dynamics must be known. Hence, we apply the adaptive control for both feed-forward and feedback controllers, in which the closed control system is automatically tuned into the desired dynamics by canceling the disturbance effect. We design a discrete-time adaptive 2-DOF controller, which consists of a feed-forward adaptive controller whose parameters are adjusted according to the reference signal, and a feedback controller whose parameters are adjusted by input (torque)-output (angle) relations of each joint of the manipulator. The former generates an internal model of the reference signal property in real time, and the latter compensate for disturbances such as friction.
Using the nonlinear decoupling controller, we obtain the following double integrator dynamics for the robot manipulator:
where h i and u i are the ith joint angle and input of the robotic manipulator, respectively. The above dynamics can be represented in a discrete-time form:
where k = t/T is the sampling instant, t and T are time and sampling time, respectively, h i [k] and u i [k] are the ith joint angle and control input at time kT , respectively, z −1 is a delay operator, and d is the time delay (integer). We include the disturbance term w[k] at time t = kT to consider disturbances such as friction. A and B are the following polynomials in z −1 : 
where g im is a constant coefficient.
( 3 ) The order of polynomial G i , n Gi , is known, but its coefficients g im s are unknown. ( 4 ) Polynomials G i and (1 + z −1 ) are coprime.
In Eq.
(1), the exact perturbation and disturbance properties are generally unknown, and they depend on the state h andḣ. However, it is natural in controller design to represent them by typical step, ramp, and parabolic type disturbances for canceling their influence, and many disturbance properties can be considered by changing G i , e.g., the step, ramp and parabolic disturbance can be represented by setting
Because values related to the coefficient g im are automatically tuned in the proposed controller, the controller design is not difficult and is practical.
The reference angle for the ith axis of the robot manipulator is defined by r i [k] and is expected to be followed by h i [k] . We assume the following properties of reference signal r i [k] : ( 5 ) Signal r i [k] satisfies the following relation:
where f im is a constant coefficient. The control objective of the position tracking controller is represented as follows:
where C i is an arbitrary stable polynomial assigned by the controller designer, and c im a constant coefficient. If Eq. (9) is satisfied, then the joint angle h i [k] converges to reference r i [k] as k approaches infinity.
Feed-forward Controller Design
Our proposed controller has a 2-DOF configuration with an adaptive feed-forward controller (AFFC) and adaptive feedback controller (AFBC). We designed the AFFC using the following Diophantine equation:
where n E i is the order of polynomial E i , n Q i is the order of polynomial Q i , and e im and q im are constant coefficients. From assumption (a8), the uniqueness of the coefficients of E i and Q i is guaranteed if their orders are set as n E i = d and n Q i = max(n 
Because the coefficients of Q i are unknown, they are estimated using Eq. (11). By replacing the coefficients of Q i in Eq. (11) with their estimates at a sampling instant k,q im [k] (m = 0, 1, . . . , n Q ) defines the following polynomial:
An estimate of C i r i [k] , C iri [k] , is defined as follows:
wherê
The estimation error i [k] at sampling instant k is defined as follows:
where
We apply the parameter estimation algorithm in (Landau, 1998) to updateθ i [k] and achieve the following relation:
Feedback Controller Design
To design the AFBC, we used another Diophantine equation:
where n R i and n S i are the orders of polynomials R i and S i , respectively, and r im and s im are constant coefficients. From assumption (a4), the uniqueness of coefficients R i and S i is guaranteed if their orders are set as n R i = d and n S i = max(n G i + 1, n C i − d − 1), respectively. By multiplying both sides of Eq. (16) by h i [k] and considering Eqs. (5) and (7), we yield
where P i and S i are estimated as follows to design an adaptive controller:
. . , n S i ) are estimates of the P i and S i coefficients, respectively, at the kth sampling instant.
An estimate of C i h i [k] that was determined by considering Eq. (17) is defined as follows:
The estimation error ε i [k] at the kth sampling instant is defined as follows:
consisting of unknown parameters are updated by the following recursive least squares algorithm in (Landau, 1998) , which achieves the following relation:
Using polynomialQ i , which was estimated using Eq. (13), andP i (z −1 ) andŜ i (z −1 ), which were estimated using Eq.
(20), we apply the following control to the plant equation Eq. (5):
From Eqs. (15), (22), and (23), we confirm that the control objective in Eq. (9) is satisfied.
Generation of reference trajectory
This subsection considers the generation of the reference trajectory by which the end-effector and falling object have the same velocity at the contact position. First we estimate the acceleration of the falling object by using the following fundamental relationship:
where y is the falling distance, a is the acceleration and t is the time. Thus, we can derive the following relation to estimate the value of a,â, by using the least squares algorithm as follows:
where n is the sampling instant at the measured time t n . Assuming that the falling distance can be measured using sensors, we can obtain the value ofâ. Using this value, we estimate the time t c at which the falling object arrive at the designated contact position y c .
whereŷ n andv n are the position and velocity of the falling object at time t = t n , respectively. The desired trajectory of the robot end-effector y d must satisfy the following conditions.
where y n and v n are the end-effector position and velocity at t = t n , respectively. Because the robot end-effector trajectory must meet the above four conditions, we consider the following 3rd order polynomial for the desired trajectory:
where c 0 , · · · , c 3 are appropriate constants.
Design of a position-based impedance controller
After the end-effector and falling object make contact, we generate the desired trajectory for the end-effector using the position based impedance control. We consider the following impedance model as shown in Fig. 4 :
where m p , d p and k p are impedance parameters and f p is the measured force. By solving Eq. (32) numerically in real time, we can generate the desired trajectory after contact.
Experiment
We apply the proposed controller to the robot manipulator in Fig. 5 (a) . Figure 5 (b) shows the force sensor with a strain gauge to measure the impact force. In this experiment, the position of the falling object is measured by a potentiometer with a pulley, as shown in Fig. 5 (a) . In real applications, potentiometer with a pulley can be replaced by a visual sensor. First, we use the rubber ball as the falling object, as shown in Fig. 5 (a) . Parameter values of the manipulator is shown in Table 1 . Impedance parameters in Eq. (32) are determined by trial and error and set as m p = 5.00 kg, d p = 100 Ns/m and k p = 600 N/m. When the robot end-effector is fixed, the impact force in Fig. 6 (b) is obtained. After applying the proposed controller, the end-effector trajectory in Fig. 7 (a) is obtained and the impact force is much reduced as shown in Fig. 7 (b) . Joint motion and control input voltages for each actuator in the result in Fig. 7 are shown in Fig. 8 , where joint motion well tracks the desired trajectory for soft catching with practical control input voltage.
Next, a raw egg is used as a falling object, presented as experimental photos in Fig. 9 , and finally the robot manipulator successfully catches the falling egg without breaking it. 
Conclusions
This paper presents a controller design for the soft catching of a falling object, which allows a new function for robotics systems to transport an object without a conveyor or a mobile structures. The controller was incorporated into a general type 3-DOF robotic manipulator. In order to achieve the precise motion such that the end-effector and the falling object move with same speed not to increase the contact force, the designed controller consists of two parts: Part one is a position controller for tracking the desired trajectory, which allows the falling object and the robot end-effector to have the same velocity at the contact point, thereby significantly reducing the impact force. Part two is a force controller that is triggered after the contact. Both controllers have adaptive structure to accommodate for unknown disturbance and reference signals to achieve the precise motion. The manipulator could successfully catch falling raw eggs without breaking them in the experiment. Future works will include the replacement of the position sensor of the falling object with a visual sensor, which may be used in existing studies and applications involving commercial robotic manipulators. 
